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Whole-genome sequencing (WGS) of methicillin-resistant Staphylococcus aureus
(MRSA) has been sparse in low- and middle-income countries, therefore, its population
structure is unknown for many regions. We conducted a pilot surveillance of MRSA in
the maternity ward of a teaching hospital in Armenia, to characterize the genotypes
of circulating MRSA clones. In total, 10 MRSA isolates from a hospital environment
(n = 4) and patients (n = 6) were recovered between March and May 2015 and April
and May 2016, respectively. WGS analysis showed that the isolates belonged to two
clonal complexes (CCs): CC8 (n = 8) and CC30 (n = 2). MRSA CC30 isolates carried
staphylococcal cassette chromosome mec (SCCmec) type IVa, whereas MRSA CC8
revealed a type-VT-related SCCmec, which contained a CRISPR/Cas array and showed
a high similarity to SCCmec found in coagulase-negative staphylococci. All but one
MRSA CC8 isolates carried a plasmid identical to the pSK67 and four also carried a
pathogenicity island similar to SaPI5. Phylogenetic analysis showed that the MRSA CC8
isolates formed a monophyletic cluster, which emerged around 1995 and was distinct
from representatives of globally-distributed MRSA CC8 lineages. WGS characterization
of MRSA in countries with no previous S. aureus genomic surveillance can therefore
reveal an unrecognized diversity of MRSA lineages.
Keywords: methicillin-resistant Staphylococcus aureus, SCCmec, CC8, Papulation genetics, WGS
INTRODUCTION
Staphylococcus aureus is a commensal bacterium, associated primarily with nasal carriage that
can be either transient or long-term (Kluytmans et al., 1997; Miller et al., 2014). It is also a
human pathogen and a major cause of hospital-associated infections (Magill et al., 2014; Tong
et al., 2015). The burden of S. aureus disease on healthcare systems is commonly attributed
to antibiotic-resistant isolates, in particular methicillin-resistant S. aureus (MRSA) (De Kraker
et al., 2011). Transmission of MRSA in a healthcare setting can occur directly from a colonized
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patient or indirectly through environmental contamination or a
colonized healthcare worker (Coll et al., 2017).
Global emergence of methicillin-resistant clones has been
a major driver of the recent S. aureus evolution. Methicillin
resistance is most often mediated by carriage of the mecA gene
that encodes a penicillin binding protein PBP2a and is located
on a mobile genetic element (MGE) known as staphylococcal
cassette chromosome mec (SCCmec) (Katayama et al., 2000).
Currently, there are 13 SCCmec types recognized, identified
based on combination of the mec and ccr gene complexes
(IWG-SCC, 2009; Wu et al., 2015; Baig et al., 2018). Recent
evidence indicates that SCCmec emerged in coagulase-negative
staphylococci (CoNS), more specifically in the S. sciuri group
(Rolo et al., 2017). CoNS harbor high diversity of SCCmec
elements and may act as a reservoir of SCCmec for S. aureus
(Zong et al., 2011; Tulinski et al., 2012). Although multiple,
independent acquisitions of various SCCmec types by distinct
genetic backgrounds of S. aureus have occurred, the global
population structure of MRSA is highly clonal and dominated by
a few highly successful lineages (Monecke et al., 2011). Pandemic
lineages of S. aureus include clonal complex (CC) 5 and CC8 and
multiple MRSA strains emerged from both genomic background
(Monecke et al., 2011).
Whole-genome sequencing (WGS) has been instrumental
in studying the population structure of MRSA (Harris et al.,
2010). However, while WGS of S. aureus has been widely
implemented in some countries, for many regions its population
genetics are largely unknown. Armenia is a low–middle income
country and currently no MRSA infection control program
exists in this country and no formal population surveillance
is being carried out in patients entering the hospitals with
signs or symptoms of illness compatible with S. aureus disease
(Mkrtchyan et al., 2017). Previously, we reported the occurrence
of diverse MRSA genotypes in Armenia, represented by both
pandemic and sporadic lineages including CC8, CC30, CC45, and
CC182 (Mkrtchyan et al., 2017). In this study, we provide further
insights into the genomic background and phylogenetic origins
of MRSA isolates in Armenia based on WGS analysis.
MATERIALS AND METHODS
Study Protocol
Samples were collected during two pilot surveillance studies,
conducted to identify and characterize genotypes of MRSA
isolates circulating in a hospital setting in Armenia. The studies
were conducted in the maternity ward of a 130-bed teaching
hospital. Environmental samples (n = 390) were collected
between March and May 2015, from baby scales, patient
examination chairs, telephones, antibacterial lamps, surgical
tables, nurse laboratory coats, and taps. Patient samples (n = 135,
single sample per patient) were collected between April and May
2016. Samples were taken from patients within 48 h of hospital
admission, from feces, throat, skin lesions, or wounds. A single
clinically significant isolate per sample was characterized. The
research protocol and informed consent was approved by the
Ethics Committee of the Yerevan State Medical University after
Mkhitar Heratsi (approval YSMU 24.04.2016/No. 6). All research
was performed in accordance with the relevant guidelines and
regulations. Informed consent was obtained from all participants
and/or their legal guardians.
Isolate Identification and Susceptibility
Testing
Isolates were initially selected using mannitol salt agar
(MSA; Oxoid Ltd., Basingstoke, United Kingdom) and
a latex agglutination test (ProLab Diagnostics, Neston,
United Kingdom). Putative staphylococci isolates were
confirmed as S. aureus using a matrix-assisted laser desorption
ionization time flight mass-spectroscopy (MALDI-TOF-MS)
as described previously (Mkrtchyan et al., 2013). Isolates were
tested by a disk diffusion method for susceptibility to penicillin
(1 unit), cefoxitin (10 mg), and oxacillin (1 mg), according to the
Clinical Laboratory Standard Institute (CLSI) protocol (Clinical
and Laboratory Standard Institute [CLSI], 2013). MRSA was
defined as S. aureus that showed resistance to cefoxitin.
Whole-Genome Sequencing, Genome
Assembly, and Annotation
Genomic DNA was extracted using the MasterPure complete
kit (Epicentre, Madison, WI, United States) according to the
manufacturer’s instructions, eluted in 50 ml 0.1 TE buffer
(Sigma, St. Louis, MO, United States) and stored at 80C.
Libraries were prepared using the Nextera XT library
preparation kit (Illumina, San Diego, CA, United States)
according to the manufacturer’s instructions. Sequencing was
performed on Illumina MiSeq platform. The short-read data were
deposited in the European Nucleotide Archive (ENA), under
the study PRJEB19432. Individual sample accession numbers are
provided in Table 1.
The raw FASTQ data were quality trimmed using
Trimmomatic v0.35 (Bolger et al., 2014). Trimmed FASTQ
reads were assembled using SPAdes v3.7.1 (Bankevich et al.,
2012) and the assembled contigs were annotated with Prokka
v1.11 (Seemann, 2014), using the genus Staphylococcus for the
annotation reference.
Genotyping and Accessory Genome
Analysis
Multi-locus sequence typing and analysis of antimicrobial
resistance gene carriage was performed by sort-read mapping
with SRST2 (Inouye et al., 2014).
Sequences representing SCCmec regions were identified based
on presence of the mecA gene and manually extracted from
annotated assemblies.
Additional accessory genomic regions representing putative
MGEs were further identified from whole-genome assemblies
by whole-genome alignment against CC-specific reference
genomes: MRSA252 (Holden et al., 2004) representing CC30
and USA300_FPR3757 (Diep et al., 2006) representing CC8.
Alignment was performed using blastn 2.7.0C (Camacho et al.,
2009). For each assembly, contigs with a query coverage
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TABLE 1 | Summary of MRSA isolates characterized in this study.
Accession ST CC SCCmec Sample date Source
ERR2750861 8 8 V May 2016 Throat swab
ERR2750862 8 8 V May 2016 Urine
ERR2750863 30 30 IVa May 2016 Feces
ERR2750864 8 8 V May 2016 Skin lesion
ERR2750866 30 30 IVa May 2016 Feces
ERR2750867 8 8 V May 2016 Wound
ERR1837613 8 8 V May 2015 Baby scale
ERR1837616 8 8 V May 2015 Table
ERR1837617 8 8 V May 2015 Nurse’s lab coat
ERR1837618 8 8 V May 2015 Tap
per unique subject (qcovus) value below an arbitrary cut-
off of 95% were investigated further. Such contigs were
found to represent either chromosomal fragments, containing
a region of difference between a reference and a queried
assembly, or complete/truncated MGE sequences. A database
of unique, putative MGE sequences was curated manually.
Sequence identity between a putative MGE sequence and publicly
deposited genome data was checked using the NCBI BLAST
and the GenBank nucleotide sequence database (NCBI Resource
Coordinators, 2016). Distribution of identified MGEs among
isolates was analyzed with SRST2 (Inouye et al., 2014).
To identify carriage of MGEs that might be shared between
isolates and a reference genome, isolates were mapped with
SRST2 against a reference-specific MGE sequence database.
Maximum-Likelihood Inference of CC8
and CC30 Phylogenies
To reconstruct maximum-likelihood (ML) phylogenetic trees of
S. aureus CC30 and CC8, sequence reads were mapped to CC-
specific reference genomes, MRSA252 and USA300_FPR3757,
respectively, with SMALT v0.7.4 (SMALT, 2017). For each CC,
a core genome alignment was created after excluding MGE
regions, variable sites associated with recombination [detected
with Gubbins (Croucher et al., 2014)], and sites with >5%
of uncalled variants. A phylogenetic tree was generated with
RAxML v8.2.8 (Stamatakis, 2014) based on generalized time
reversible (GTR) model with GAMMA method of correction for
among site rate variation.
Bayesian Inference of CC8 Phylogeny
To reconstruct a time-calibrated phylogeny of S. aureus CC8,
a core genome alignment was created as described for the ML
tree, and the phylogenetic analysis was performed with BEAST
v2.4.7 (Bouckaert et al., 2014). The tips were dated with the
year of isolation. The analysis was performed under a GTRC0
nucleotide substitution model, with a strict clock and a coalescent
Bayesian skyline model. The MCMC chain was run for 50 million
generations, sampling every 1000 states. Log and tree files from
five independent runs were combined using LogCombiner and
analyzed with Tracer v1.5. A maximum clade credibility (MCC)
tree was generated with TreeAnnotator.
Inclusion of S. aureus Genome Data
From Previous Studies
For the phylogenetic analysis, whole-genome sequence data of
previously published S. aureus isolates was included. For the
ML phylogeny of S. aureus CC8 and CC30, all isolates from the
EARSS study (Aanensen et al., 2016) that represented the same
CC were included (n = 28 and n = 35, respectively). For the time-
calibrated phylogeny of S. aureus CC8, to create a geographically
and temporally diverse snapshot of S. aureus CC8 population,
isolates were selected from three published studies: the EARSS
report (Aanensen et al., 2016), a study on the global origin of
community-acquired S. aureus ST8 (Strauß et al., 2017), and a
study describing the CC8 population genetics in the United States
(Jamrozy et al., 2016) as well as four reference genomes, each
representing a different CC8 sub-lineage: USA300_2014.C01
(GenBank accession: CP012119), 2395 USA500 (Benson et al.,
2014), M1 (Larner-Svensson et al., 2013), and VC40 (Sass et al.,
2012; Supplementary Table S1).
RESULTS
Characterization of MRSA Isolates
In total, 47 S. aureus isolates were recovered during two pilot
surveillance studies, including 18 from environmental sources
in 2015 and 29 from patients in 2016. Ten (21%, four in 2015
and six in 2016) were identified as MRSA and characterized by
WGS. MLST analysis revealed two CCs: CC8 (all ST8; n = 8)
and CC30 (all ST30 n = 2) (Table 1). MRSA CC8 isolates
were identified among environmental samples from 2015 and
clinical samples from 2016 (Table 1). In contrast, the two MRSA
CC30 were isolated only from patient feces in 2016. All MRSA
isolates carried the blaZ and mecA beta-lactam resistance genes.
No other antimicrobial resistance genes were identified in the
analyzed isolates.
Characterization of SCCmec Elements in
MRSA CC8 and CC30 Isolates
Methicillin-resistant S. aureus CC30 isolates carried SCCmec type
IVa, for which a full sequence was extracted from an assembly of
a representative isolate. The element was 24 kb in size, and shared
a 99% sequence identity and 97% coverage with the SCCmec IVa
region of the ACME-SCCmec composite island from the USA300
strain R92 (Sabat et al., 2013).
All MRSA CC8 isolates carried a 38-kb type VT-related
SCCmec, containing two ccrC genes (Boyle-Vavra et al.,
2005). It also contained a clustered regularly interspaced short
palindromic repeats (CRISPRs) element in the J1 region.
A complete sequence for this element was extracted from an
assembly of a representative isolate. The entire SCCmec/CRISPR
sequence was highly similar (99% sequence identity and
100% coverage) to a previously described SCCmec found
in the Staphylococcus capitis strain CR01 from a case of
neonatal sepsis in France (Figure 1; Simões et al., 2013). It
also resembled a CRISPR-carrying SCCmec type V found in
the Staphylococcus schleiferi strain TSCC54 that was isolated
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C h ar a ct eri z ati o n of Ot h er M G E s i n M R S A
C C 8 a n d C C 3 0 I s ol at e s
All M R S A is ol at es i d e nti fi e d i n t his st u d y w er e c h e c k e d f or
pr es e n c e of a d diti o n al a c c ess or y r e gi o ns a n d M G Es ot h er t h a n
S C C m ec . W h ol e- g e n o m e ass e m bli es w er e c o m p ar e d a g ai nst C C-
s p e ci fi c r ef er e n c e g e n o m es t o s cr e e n f or c arri a g e of M G Es
f o u n d i n t h e r ef er e n c e g e n o m es as w ell as t o i d e ntif y u ni q u e
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p h a g e s e q u e n c es a n d di d n ot r e v e al a n y ot h er vir ul e n c e or
a nti mi cr o bi al r esist a n c e- ass o ci at e d M G Es.
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a n d 1 0 0 % c o v er a g e), t h at w as first i d e nti fi e d i n a S. a ur e us
is ol at e c oll e ct e d i n 1 9 4 9 i n A ustr ali a (Gill es pi e et al., 1 9 8 5 ).
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g e n er at e d wit h E v ol vi e w ( Z h a n g et al., 2 0 1 2 ; H e et al., 2 0 1 6 ).
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n o n- cl o n al, wit h a p air wis e S N P dist a n c e of 9 6. P h yl o g e n eti c
a n al ysis usi n g t h e e xt er n al d at as et ( n = 3 5) s h o w e d t h at t h e
is ol at es fr o m Ar m e ni a w er e m ost cl os el y r el at e d t o a m ec A -
n e g ati v e is ol at e fr o m G er m a n y ( Fi g u r e 2 A ). P air wis e S N P
dist a n c e b et w e e n t his G er m a n C C 3 0 is ol at e a n d t h e t w o is ol at es
fr o m Ar m e ni a w as 2 5 5 a n d 2 6 8.
T h e M R S A C C 8 is ol at es fr o m Ar m e ni a r e v e al e d a cl os er
p h yl o g e n eti c r el ati o ns hi p. T h e m e di a n p air wis e S N P dist a n c e
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fr o m e n vir o n m e nt al s o ur c es. P h yl o g e n eti c tr e e of M R S A C C 8
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Ar m e ni a f or m e d a si n gl e m o n o p h yl eti c cl ust er ( Fi g u r e 2 B ), a n d
w er e m ost cl os el y r el at e d t o a m ec A - n e g ati v e S. a ur e us fr o m
G er m a n y. M e di a n p air wis e S N P dist a n c e b et w e e n t his is ol at e a n d
t h e Ar m e ni a n M R S A cl ust er w as 2 5 3.
E v ol uti o n ar y Hi st or y of M R S A C C 8
I s ol at e s
As m aj orit y of M R S A is ol at es i d e nti fi e d i n t his st u d y b el o n g e d t o
C C 8, wit h all is ol at es r e pr es e nti n g a si n gl e, u ni q u e p h yl o g e n eti c
cl ust er, w e w a nt e d t o i n v esti g at e m or e cl os el y t h e e v ol uti o n ar y
ori gi ns of t his M R S A C C 8 s u b-li n e a g e. F or t his, w e a g ai n
c o m bi n e d o ur d at as et wit h pr e vi o usl y p u blis h e d S. a ur e us
g e n o m es, e x p a n di n g t h e e xt er n al d at as et t o cr e at e a m or e di v ers e
s n a ps h ot of C C 8 p o p ul ati o n. I n a d diti o n t o is ol at es fr o m t h e
E A R S S st u d y, w e als o i n cl u d e d s el e ct e d g e n o m es fr o m a st u d y o n
t h e gl o b al ori gi n of c o m m u nit y- a c q uir e d S. a ur e us S T 8 ( Str a u ß
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c ali br at e d p h yl o g e n y ( Fi g u r e 3 ). T h e c or e g e n o m e ali g n m e nt
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t his C C 8 p h yl o g e n y, r e c o nstr u ct e d usi n g a m or e g e o gr a p hi c all y
di v ers e c oll e cti o n of S. a ur e us is ol at es, t h e Ar m e ni a n cl ust er w as
still m ost cl os el y r el at e d t o M S S A is ol at es fr o m G er m a n y, wit h
t h e T M R C A f or t h e t w o cl ust ers esti m at e d ar o u n d 1 9 5 3 ( 9 5 %
CI, 1 9 4 6 – 1 9 6 0).
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setting. In contrast, the MRSA CC8 isolates were identified from
both environmental and clinical samples that were collected
at the two time-points, suggesting a persistence of this clone
within the surveyed hospital. This MRSA CC8 clone was
phylogenetically distinct from other MRSA CC8 clusters, derived
from external datasets, indicating an independent emergence
from a MSSA population. While the Armenian clone was most
closely related to a cluster of MSSA isolates from Europe, the
distant TMRCA between the two clusters suggests that the
Armenian MRSA more likely emerged from a distinct MSSA
population. Additional sampling of S. aureus isolates in Armenia
would be required to determine whether this MRSA CC8 clone
emerged from a local MSSA background.
The clone carried a type-VT-related SCCmec, which showed
the highest similarity to SCCmec from two reference genomes
of CoNS, derived from diverse sources and geographic locations.
This inter-species carriage suggests that the element has a high
capacity for horizontal dissemination. It might also confer a
specific selective advantage as the S. capitis strain CR01, carrying
this SCCmec, represents the NRCS-A clone that has been linked
with clonal spread in neonatal intensive care units (Butin
et al., 2016). This particular SCCmec variant might therefore
play an important role in mediating a transmission within a
hospital setting.
The MRSA CC8 isolates from Armenia revealed additional
genomic features that can confer further selective advantage and
enhance their pathogenicity. Furthermore, similar or identical
elements have been previously observed in other MRSA CC8
clones. Plasmid with high sequence similarity to pSK67, carried
by all but one Armenian MRSA CC8 isolate, was also identified
in a representative of a USA300 clone from the United States
(Kennedy et al., 2010). It was also found in the S. aureus M1
strain defined as the t024-ST8-IVa clone associated with MRSA
outbreak in Denmark (Larner-Svensson et al., 2013). In addition,
the seKQ-carrying pathogenicity island, that was observed in four
of the Armenian MRSA CC8 isolates, shared a high sequence
similarity to SaPI5 from the USA500 clone. Although the
Armenian MRSA CC8 was phylogenetically distinct, it showed
a similar pattern of accessory genome adaptation associated with
other MRSA CC8 clones.
CONCLUSION
The main limitation of this study is a small sample size of the
characterized MRSA isolates. Despite this, it provides preliminary
insights into the genetic structure of MRSA circulating in a
hospital setting in Armenia. Additional surveillance studies are
being conducted to further our understanding of genetic diversity
of MRSA in the healthcare and community settings in Armenia
and to identify possible risk factors, antimicrobial resistance
prevalence, and the burden of MRSA disease in this country.
Further genomic surveillance of MRSA isolates is also needed to
understand better the epidemiology of the described here MRSA
CC8 clone in Armenia.
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